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ABSTRACT
We calculate the symmetry energy of the nuclear matter by using the bottom-up approach,
so called hard wall model. To consider the nuclear matter, we introduce the isospin for u- and
d-quarks. We find that in the hard wall model, the symmetry energy of the nuclear matter is
proportional to the square of nucleon density. We also study the symmetry energy of the quark
matter in the deconfining phase. Finally, we investigate the effect of the symmetry energy on the
Hawking-Page transition and show that at the given quark density, the Hawking-Page transition
temperature decreases due to the symmetry energy.
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1 Introduction
Knowing the density dependence of nuclear symmetry energy is an important issue understand-
ing not only the structure of radioactive nuclei [1, 2, 3] but also nuclear astrophysics such as
the neutron star and supernova [4, 5, 6]. It is well known that the nuclear symmetry energy at
normal nuclear matter density is known to be around 30MeV [7, 8] but the nuclear symmetry
energy in other densities is poorly known [9, 10]. Although the lattice QCD is a powerful method
to understand the strongly interacting QCD, there are still many problems regarding the dense
medium effect. The AdS/CFT correspondence [11, 12, 13] can shed light on understanding var-
ious aspects of the dense medium effect. Recently, by using this AdS/CFT correspondence the
nuclear symmetry energy was investigated in the top-down approach [14]. In this paper, we will
investigate the nuclear symmetry energy in the bottom-up approach, so called hard wall model,
and the effect of it on the deconfiment phase transition of the QCD-like gauge theory.
In the original hard wall model [15], where an IR cut off was introduced to explain the
confining behavior, various meson spectra and decay constants were investigated. After this
original work, there were various extensions to improve the model, like the soft wall model
[16] or top-down approaches in the string theory [17, 18], and to include the gravitational back
reaction of various bulk fields corresponding to the gluon condensate [19] or the chiral condensate
[15, 20]. By considering the Hawking-Page transition between the thermal AdS (tAdS) space and
the Schwarzschild AdS black hole, the deconfiment phase transition of the dual gauge theory was
explained in the zero quark density limit [21]. This calculation was generalized to the case having
nonzero quark density [22, 23, 24]. To describe the nonzero quark density, the time component
of the vector gauge field, whose dual operator in the dual gauge theory corresponds to the quark
1
density, was introduced, which modifies the background geometry. In the deconfining phase, the
geometry of the dual gravity is described by a Reinssner-Nordstro¨m AdS (RNAdS) black hole.
The geometry corresponding to the confining phase should be a non-black hole solution. The
solution satisfying the Einestein and Maxwell equations is given by the thermal charged AdS
(tcAdS) space, which has a singularity at the center. To describe the confining behavior we
should introduce an IR cut off, which can also resolve the singularity problem at the center of
the tcAdS space. By comparing the free energies of the tcAdS and RNAdS, the deconfinement
phase transition depending on the temperature and quark density was investigated and it was
also shown that the resulting shape of the phase diagram is very similar to the expectation of the
phenomenology [24]. In addition, the screening effect of the heavy quarkonium [25, 26, 27, 28]
and the spectra of various light mesons were also investigated in the tcAdS background [24].
The similar study was also done in the soft wall model [29].
In this paper, we further generalize the above set-up by introducing the isospin. We first
consider the U(2) flavor symmetry group, whose diagonal group elements give the information
for the quark density and isospin of quarks of the dual gauge theory. Using these informations,
we can describe the quarks of the dual gauge theory as u- or d-quarks. In the confining phase,
the number of u- and d-quarks can be easily identified with the number of nucleons, proton and
neutron. If the number of u- and d-quarks are different, the free energy of this system has three
parts. The first depends only on the IR cut off, which is independent of the quark density. The
second is proportional to the total quark density. These two parts are irrelevant with the number
difference between u- and d-quarks (or proton and neutron). The last one is proportional to the
number difference between proton and neutron. The coefficient of this number difference in the
free energy is usually called the symmetry energy. We found that the symmetry energy of the
nuclear matter is proportional to the square of the nuclear density.
We also investigate the similar symmetry energy in the deconfining phase. In the deconfining
phase corresponding to the RNAdS geometry, there exist free quarks instead of nucleons. We
calculate the free energy of this system, which contains a term proportional to the number
difference between u- and d-quarks. We identify this energy with the symmetry energy of
the quark matter. In general, the symmetry energy of the quark matter is a very complicated
function of the temperature and quark density. In the high temperature and high density regime,
we find that the symmetry energy of quark matter is proportional to the square of the total
quark density and to the inverse square of the temperature.
Finally, we investigate the effect of this symmetry energy on the Hawking-Page transition
and show that the symmetry energy decreases the Hawking-Page transition temperature at the
given quark density.
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The rest part is as follows: In Sec. 2, we explain our set-up and background solutions. In
Sec. 3, the free energy of the nuclear matter is calculated and the nuclear symmetry energy is
extracted from the nuclear free energy. In Sec. 4, we also calculate the symmetry energy of the
quark matter. In Sec. 5, by comparing the results in Sec. 3 and Sec. 4, we investigate the
Hawking-Page transition depending and the effect of the symmetry energy, Finally, we finish
our work with concluding remarks in Sec. 6.
2 Nuclear matter in the hard wall model
In this section, we will consider the gravity theory dual to the nuclear matter following the
AdS/QCD correspondence. To describe the nuclear matter in the confining phase or quark
matter in the deconfing phase, we consider the following Euclidean Einstein-Yang-Mills theory
S =
∫
d5x
√
G
[
1
2κ2
(−R+ 2Λ) + 1
4g2
TrFMNF
MN
]
, (1)
where FMN = ∂MAN − ∂NAM − ig [AM , AN ]. In the above, AM = AaMT a and T a, where a
runs from 0 to N2f − 1, are the gauge field and generator of the U(Nf ) flavor symmetry group.
To describe proton and neutron, we concentrate on the case having two flavors Nf = 2. For
the U(2) flavor symmetry, the generators are proportional to the identity matrix 1 and Pauli
matrices σa˜
T 0 =
1
2
and T a˜ =
σa˜
2
(a˜ = 1, 2, 3), (2)
where we use the normalization TrT aT b = 12δ
ab (a, b = 0, 1, 2, 3). Usually, the boundary values
of the diagonal elements of the bulk gauge field, A00 and A
3
0, have the definite meanings cor-
responding to the quark and isospin chemical potential respectively. So it is sufficient to turn
on A00 and A
3
0 to describe proton and neutron, where the lower and upper indices are for the
space-time and flavor group respectively. In this set-up, the off-diagonal components of the bulk
gauge field can be considered as fluctuations describing the mesons of the dual gauge theory.
Introducing
AuM ≡
(
A0M +A
3
M
)
and AdM ≡
(
A0M −A3M
)
, (3)
the time component of the redefined gauge fields can describe u- and d-quark. In addition, the
action (1) can be rewritten in terms of u- and d-quark as gauge fields
S =
∫
d5x
√
G
[
1
2κ2
(−R+ 2Λ) + 1
16g2
F uMNF
uMN +
1
16g2
F dMNF
dMN
]
. (4)
Here, since we turn on elements of the Cartan subgroup only, the gauge group is reduced from
U(2) to U(1)× U(1) and the field strength of them becomes one for the Abelian group
FαMN = ∂MA
α
N − ∂NAαM , (5)
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where α implies u and d. From this action, the Einstein and Maxwell equation read off
RMN − 1
2
gMNR+ gMNΛ = κ
2
4g2
∑
i=u,d
[
gPQFαMPF
α
NQ −
1
4
gMNF
α
PQF
αPQ
]
,
0 =
1√
G
∂M
√
GgMP gNQFαPQ, (6)
which is the usual equation of motion for the Einstein-Maxwell theory having two U(1) charges.
So we can easily expect that the most general solution is given by the Reissner-Nordstro¨m AdS
(RNAdS) black hole including two charges, whose metric form is
ds2 =
R2
z2
(
f(z)dt2 +
1
f(z)
dz2 + d~x2
)
. (7)
To describe u- and d-quark, we turn on the time-component of gauge field depending only on
z-coordinate
Aα0 = Aα(z) and A
α
i = 0 (α = u, d and i = 1, 2, 3) (8)
where i implies the spatial directions. Then, the solution of the Maxwell equation is given by
Aα(z) = i
(
µα −Qα z2
)
. (9)
In the dual gauge theory side, µα and Qα can be interpreted as the chemical potential and the
number density of u- or d-quark. Inserting (7) and (9) into the Einstein equation, the black hole
factor f(z) = fRN (z) is given by
fRN (z) = 1−mz4 +
(
qu
2 + qd
2
)
z6, (10)
where qu and qd correspond to two black hole charges and m is the black hole mass. Notice that
qα and Qα are not independent parameters, which satisfy
q2α =
κ2
6g2R2
Q2α. (11)
This RNAdS black hole is the most general solution and corresponds to the deconfining phase
of the dual gauge theory. To describe the nuclear matter, we should find another geometric
solution corresponding to the confining phase, which is not a black hole solution. The non-black
hole solution, which we call thermal charged AdS (tcAdS), is given by
f(z) = ftc(z) = 1 +
(
qu
2 + qd
2
)
z6. (12)
with the same relations in (9) and (11), which also satisfies the Einstein and Maxwell equations
in (6). For the tcAdS space to describe the confining behavior, we should add an IR cut off at
4
zIR, which is called the hard wall model. Then, the allowed range of z is from zIR to z = 0,
where z = 0 corresponds to the boundary. Although the tcAdS solution has a singularity at the
center (z → ∞), we can safely use the tcAdS space in the hard wall model because the IR cut
off prevents all bulk quantities from approaching to this singular point. The basic degrees of
freedom in the confining phase are not quarks but nucleons, so we need to rewrite the u- and d-
gauge fields in terms of ones for nucleons. Anyway, for later convenience we continue to use the
u- and d-quark notations and rewrite them later in terms of nuclear quantities.
3 The holographic free energy of the nuclear matter
In this section, we will investigate the thermodynamic energy of the dual gauge theory. De-
pending on the boundary condition of the bulk gravity theory, the dual gauge theory can be
described by a grand canonical or canonical ensemble. If we impose the Dirichlet boundary
condition to the bulk gauge field, which fix the chemical potential of the dual gauge theory, the
corresponding thermodynamic energy is described by the grand potential of the grand canonical
ensemble. On the contrary, the Neumann boundary condition fixes the quark number density,
so it gives the free energy describing the canonical ensemble. These two thermodynamic free
energies are related by the Legendre transformation. Here, we will study these thermodynamic
free energies by using the holographic calculation.
First, we study the grand potential. Imposing the Dirichlet boundary condition at the
boundary z = 0
Aα(0) = iµα (α = u, d), (13)
the on-shell gravity action of the tcAdS, in which we insert an IR cut off at zIR, becomes
SDtc =
∫ βtc
0
dt
∫
d3x
∫ zIR
ǫ
dz
√
G
[
1
2κ2
(−R+ 2Λ) + 1
16g2
(
F uMNF
uMN + F dMNF
dMN
)]
=
R3V3βtc
κ2
(
1
ǫ4
− 1
z4IR
− κ
2z2IR
6g2R2
(Q2u +Q
2
d)
)
, (14)
where V3, ǫ and βtc means the three-dimensional volume, the UV cut off and the periodicity
in the Euclidean time coordinate. Taking the ǫ → 0 limit makes the above on-shell action
divergent, so we should renormalized it for the finiteness of the on-shell action. Although there
are several ways to renormalize it, here we adjust a background subtraction method in which we
subtract the background effect from the above. Since the asymptotic geometry of our model is
a five-dimensional Euclidean AdS or thermal AdS (tAdS), we remove the contributions of tAdS
space from the above. The tAdS is described by the following action
St =
∫ βt
0
dt
∫
d3x
∫
∞
ǫ
dz
1
2κ2
(−R+ 2Λ) , (15)
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whose solution satisfying the Einstein equation is given by
ds2 =
R2
z2
(
dt2 + dz2 + d~x2
)
. (16)
Then, the on-shell action for the tAdS becomes
St =
R3V3βt
κ2
1
ǫ4
, (17)
where we use a different time periodicity βt, which can be determined in terms of βtc by requiring
the same circumferences of tAdS and tcAdS at the UV cut off
βt = βtc +O(ǫ6). (18)
Notice that the correction term O(ǫ6) in the above does not give any effect as ǫ → 0. So, the
renormalized action with the Dirichlet boundary condition at the UV cut off is given by
S¯Dtc =
R3V3βtc
κ2
(
− 1
z4IR
− κ
2z2IR
6g2R2
(Q2u +Q
2
d)
)
. (19)
The above on-shell action is related to the grand potential of the boundary theory
Ωtc =
S¯Dtc
βtc
, (20)
which is function of T and µα. So Qα in (19) should be considered as a function of µα. To
determine the relation between Qα and µα, we first assume the following relation
Qα = cµα, (21)
where c is an arbitrary constant. In general, we can choose Qα as an arbitrary function of µα but,
as will be shown later, only the above form provides the well-defined Legendre transformation.
From the thermodynamic relation, the total number of quark is given by
Nα = − ∂Ω
∂µα
=
RV3z
2
IR
3g2
c2µα. (22)
Therefore, after the Legendre transformation, the free energy becomes
Ftc = Ω+
∑
α=u,d
µαNα = Ω+
RV3z
2
IRc
3g2
∑
α=u,d
µαQα, (23)
in which the fundamental variable is not µα but Qα.
As shown in Ref. , this free energy can be calculated in a different way. If we impose the
Neumann boundary condition to the gravity action instead of the Dirichlet boundary condition,
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since the Neumann boundary condition fixes the quark density, the on-shell action is proportional
to the free energy of the boundary theory. To impose the Neumann boundary condition, we
should add a boundary term, which fixes the charge Qα, to the original action (4). Vanishing
of the action variation with respect to the gauge fields with the Neumann boundary condition
determines the additional boundary terms as
SB = −
∑
α=u,d
1
4g2
∫
∂M
d4x
√
G(4) nMgLNALFMN
=
RV3
2g2
βtc
∑
α=u,d
µαQα, (24)
where G(4) is the determinant of the boundary metric and the unit normal vector is given
by nM =
{
0, 0, 0, 0,− zR
√
ftc(z)
}
. For the well-defined Legendre transformation, this additional
boundary term after divided by βtc should be same as the sum of µαNα in (23). This requirement
fixes the constant c to be
c =
3
2z2IR
. (25)
Substituting this relation into (22), we finally obtain
Nα =
RV3
2g2
Qα. (26)
The value of g2 can be determined by several ways. By comparing the current-current correlation
function of this model with the result of the phenomenological model, g2 was fixed by 1/g2 =
Nc/(12π
2R) [15, 30]. Also, by comparing the D3-D7 brane set-up, the different value of 1/g2 =
Nc/(4π
2R) was used [23, 24]. In all case, 1/g2 is proportional to the number of color. In this
paper, for the convenience, we choose g2 = R/2Nc, where Nc is the number of color. Then, from
(26) Qα can be interpreted as the number density of one color quark.
The free energy density of the canonical ensemble becomes
Ftc
V3
= −R
3
κ2
1
z4IR
+
2g2z2IR
3RV 23
(
N2u +N
2
d
)
. (27)
As mentioned previously, the fundamental elements of the confining phase are not quarks but
nucleons. Since the number of particles are preserved in the canonical ensemble, the free energy
can be without loss of generality rewritten in terms of the number of proton Np and neutron
Nn by using the fact that proton (or neutron) is composed of two u-quarks and one d-quark (or
one u-quark and two d-quarks)
Nu = 2Np +Nn and Nd = Np + 2Nn. (28)
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If we denote the total number of nucleons by N = Np + Nn, the free energy density can be
written as
Ftc
V3
= −R
3
κ2
1
z4IR
+
3g2z2IR
R
ρ2 +
g2z2IR
3R
ρ2
(
Np −Nn
N
)2
(29)
where ρ = N/V3 means the nucleon number density. Here, the coefficient of the last term, which
describe the contributions coming from the number difference between proton and neutron, is
called the symmetry energy Es
Es
V3
=
g2z2IR
3R
ρ2. (30)
Recently, it was shown that the symmetry energy is proportional to ρ1/2 in the top-down ap-
proach, especially D4-D6 brane set-up, numerically [14]. In the hard wall model, we find that
the symmetry energy is proportional to ρ2 with analytic calculation.
4 The holographic free energy of quark matter
In this section, we will investigate the holographic free energy of quark matter composed of two
different quarks, u- and d-quarks. To investigate the quark matter holographically we should
take into account the RNAdS black hole geometry. Though the RNAdS black hole geometry
can be usually characterized by the black hole mass and charges, more fundamental quantities
in the dual gauge theory are the temperature and quark density in the canonical ensemble (or
the chemical potential in the grand canonical ensemble). So it is more convenient to rewrite the
black hole mass in terms of the temperature and quark density. From the definition of the balck
hole horizon fRN (zh) = 0, the black hole mass can be rewritten in terms of the temperature and
the black hole horizon as
m =
1
z4h
+ (q2u + q
2
d)z
2
h, (31)
where the black hole charges qu and qd are directly related to the quark density. Inserting this
relation to the definition of the Hawking temperature, we finally obtain
TRN ≡ 1
βRN
=
1
zh
(
1− 1
2
(q2u + q
2
d)z
6
h
)
, (32)
in which we can regards zh as a function of the temperature and quark density (or chemical
potentials).
At first, we calculate the grand potential of the dual gauge theory for which we should impose
the Dirichlet boundary condition at the boundary Aα = iµα. Then, the gravity one-shell action
as a function of TRN and µα becomes
SDRN =
R3V3
κ2
βRN
(
1
ǫ4
− 1
z4h
− κ
2
6g2R2
(Q2u +Q
2
d)z
2
h
)
, (33)
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where ǫ implies the UV cut off and Qα is a function of the chemical potential µα. To determine
Qα, we should impose the regularity condition of Aα at the horizon, which is satisfied for
Aα(zh) = 0. From this regularity condition, the charge Qα can be reexpressed as a function of
the chemical potential
Qα =
µα
z2h
. (34)
In terms of the temperature and the chemical potentials, the on-shell gravity action is given by
SDRN =
R3V3
κ2
1
TRN
(
1
ǫ4
− 1
z4h
− κ
2
6g2R2
(µ2u + µ
2
d)
1
z2h
)
, (35)
where zh is a function of the temperature and the chemical potentials. Here, when ǫ → 0 the
above grand potential diverges, so that we should renormalized it. By subtracting the on-shell
gravity action of the background tAdS, we can find the renormalized action related to the grand
potential Ω
S¯RN ≡ ΩRN
TRN
=
V3R
3
κ2
1
TRN
(
− 1
2z4h
− κ
2
12g2R2
(µ2u + µ
2
d)
1
z2h
)
, (36)
where we use the fact that the temperature Tt of the tAdS space is related to TRN of the RNAdS
black hole
1
Tt
=
(
1− 1
2
mǫ4
)
1
TRN
+O(ǫ6). (37)
From the grand potential in (36), the particle number can be calculated by using the thermo-
dynamic relation Nα = − ∂Ω∂µα . After the tedious calculation, the quark number is given by
Nα =
V3R
2g2
Qα, (38)
which is the same form as one in (26) calculated in the confining phase. Via a Legendre trans-
formation the free energy in the canonical ensemble is given by
FRN ≡ Ω+
∑
α=u,d
µαNα =
V3R
3
κ2
(
− 1
2z4h
+
5κ2
12g2R2
(Q2u +Q
2
d)z
2
h
)
, (39)
where zh is given by a function of TRN and the quark number density Qα. Notice that we can
also reproduce the same free energy by calculating the on-shell gravity action together with
the Neumann boundary condition, as shown in the previous section, instead of the Dirichlet
boundary condition. In terms of the total quark density Q = Qu + Qd and density difference
D = Qu−Qd, the black hole horizon zh as a function of TRN , Q and D can be determined from
TRN =
1
πzh
(
1− κ
2
24g2R2
(Q2 +D2)z6h
)
, (40)
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and the free energy is rewritten as
F
V3
=
R3
κ2
(
− 1
2z4h
+
5κ2
24g2R2
(Q2 +D2)z2h
)
. (41)
In the high quark density Q ≫ 1 and the high temperature z6h ≪ 24g
2R2
κ2(Q2+D2)
limit, the
temperature can be approximated with TRN ∼ 1/(πzh), so the free energy becomes
F
V3
≈ R
3
κ2
(
−π
4T 4RN
2
+
5κ2
24π2g2R2
1
T 2RN
Q2 +
5κ2
24π2g2R2
Q2
T 2RN
D2
Q2
)
. (42)
From this result, we can also define the symmetry energy of the quark matter which is given
by the coefficient of D
2
Q2
via taking the analogy to the symmetry energy in the nuclear medium.
Then, we can see that in the high temperature and high quark density limit, the symmetry
energy of the quark matter becomes
Es
V3
≈ 5R
24π2g2
Q2
T 2RN
. (43)
From this, we can see that the symmetry energy of the quark matter is proportional to the
square of the quark density and the inverse square of the temperature.
5 Hawking-Page transition in the nuclear medium
Now, we consider the Hawking-Page transition, which is identified with the deconfinement phase
transition of the dual QCD-like theory. If we ignore the isospin of the bulk gauge field by turning
off A30 in (3), there is no difference between u- and d-quarks, so that u- and d-quarks have the
same chemical potential energy and the number density. In this case, the free energies of the
confining and deconfining phase simply reduce to ones in Ref. [24] by setting Np = Nn in
(29) and Qu = Qd in (39) and their Hawking-Page transition was fully investigated in Ref.
[24] where the phase diagram expected by the phenomenology was obtained. In this paper, we
will investigate the effect of the symmetry energy caused by the isospine on the Hawking-Page
transition.
In terms of the quark number density, the renormalized action of tcAdS and RNAdS black
hole with the Neumann boundary condition are given by
S¯NRN =
R3V3
κ2
βRN
(
− 1
2z4h
+
5κ2
24R2g2
(Q2 +D2)z2h
)
,
S¯Ntc =
R3V3
κ2
βtc
(
− 1
z4IR
+
κ2
12R2g2
(Q2 +D2)z2IR
)
, (44)
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Figure 1: The Hawking-Page transition depending on the density difference between u- and d-quarks,
where we set R = 1 and 1/κ2 = N2
c
/4π2R3 with Nc = 3 and zIR = 1/323MeV .
where Q and D are total quark number density and the density difference between u- and d-
quarks respectively. By matching the Euclidean time circumferences of two geometries, we can
reexpress βtc in terms of βRN at the UV cut off, ǫ,
βtc = βRN +O(ǫ4) (45)
Because the actions in (44) have no divergence, the second term in (45) does not play any role
for ǫ→ 0. As a result, the action difference between these two geometries is given by
∆S ≡ S¯NRN − S¯Ntc
=
R3V3
κ2
βRN
[
1
z4IR
− 1
2z4h
+
κ2
24R2g2
(5z2h − 2z2IR) (Q2 +D2)
]
, (46)
where the range of D given by 0 ≤ |D| ≤ Q. If we set D = 0, the above can reproduce the
result in Ref. [24] with the redefinition of parameters. The Hawking-Page transition occurs at
∆S = 0. Suppose that at the critical point zh = zc, ∆S becomes zero. At this critical point
describing the Hawking-Page transition, Q2 + D2 can be determined as a function of zc from
(46)
Q2 +D2 =
12R2g2
κ2z4IRz
4
c
z4IR − 2z4c
5z2c − 2z2IR
. (47)
In terms of zc, the temperature in (32) can be rewritten as
TRN ≡ 1
βRN
=
1
πzc
(
1− z
2
c
2z4IR
z4IR − 2z4c
5z2c − 2z2IR
)
. (48)
For a fixed Q, if we rewrite D as αQ with 0 < |α| < 1, (47) can be rewritten as
Q =
√
1
1 + α2
12R2g2
κ2z4IRz
4
c
z4IR − 2z4c
5z2c − 2z2IR
. (49)
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Using (48) and (49), we draw the Hawking-Page transition curve in Figure 1. For α = 0, our
system has equal number of u- and d-quarks and there is no symmetry energy. In this case, the
Hawking-Page transition is the same as one obtained in Ref. [24] with different normalization.
For α = 1, the system is composed of only one species, u- or d-quark, and has the maximum
value of the symmetry energy. In Figure 1, the Hawking-Page transition temperature at a given
Q decreases due to the symmetry energy caused by the isospin.
6 Conclusion
We investigated the symmetry energy of the nuclear matter by using the hard wall model with
U(2) flavor group. This U(2) flavor group contains two U(1) diagonal subgroups, which are dual
to quark density and isospin respectively. Using this fact, we considered the nuclear matter,
proton and neutron. For the confining behavior, we introduced an IR cut off in the thermal
charged AdS background. After calculating the free energy of this system, we found that the
symmetry energy of the nuclear matter is proportional to the square of the nucleon density.
We also calculated the free energy of quark-gluon plasma composed of u- and d- quarks.
In this case, there exists a similar symmetry energy coming from the number difference of u-
and d-quarks. In the high density and high temperature region, the symmetry energy of the
quark matter is proportional to the square of the quark density and the inverse square of the
temperature.
Finally, by comparing two free energies for the nuclear matters and the quark matter, we
investigated the effect of the symmetry energy on the Hawking-Page transition corresponding
to the deconfinement phase transition of the dual gauge theory. We found that at a given quark
density, the symmetry energy decreases the Hawking-Page transition temperature.
Acknowledgement
This work was supported by the National Research Foundation of Korea(NRF) grant funded
by the Korea government(MEST) through the Center for Quantum Spacetime(CQUeST) of
Sogang University with grant number 2005-0049409. C. Park was also supported by Basic
Science Research Program through the National Research Foundation of Korea(NRF) funded
by the Ministry of Education, Science and Technology(2010-0022369).
12
References
[1] B. A. Brown, Phys. Rev. Lett. 85, 5296-5299 (2000).
[2] C. J. Horowitz, J. Piekarewicz, Phys. Rev. Lett. 86, 5647 (2001). [astro-ph/0010227].
[3] R. J. Furnstahl, Nucl. Phys. A706, 85-110 (2002). [nucl-th/0112085].
[4] H. A. Bethe, Rev. Mod. Phys. 62, 801-866 (1990).
[5] J. M. Lattimer, M. Prakash, Astrophys. J. 550, 426 (2001). [astro-ph/0002232].
[6] J. M. Lattimer, M. Prakash, Science 304, 536-542 (2004). [astro-ph/0405262].
[7] W. D. Myers, W. J. Swiatecki, Nucl. Phys. 81, 1-60 (1966).
[8] K. Pomorski, J. Dudek, Phys. Rev. C67, 044316 (2003).
[9] B. -A. Li, C. M. Ko, W. Bauer, Int. J. Mod. Phys. E7, 147-230 (1998). [nucl-th/9707014].
[10] L. -W. Chen, C. M. Ko, B. -A. Li, Phys. Rev. Lett. 94, 032701 (2005). [nucl-th/0407032].
[11] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231-252 (1998). [hep-th/9711200].
[12] E. Witten, Adv. Theor. Math. Phys. 2, 253-291 (1998). [hep-th/9802150].
[13] E. Witten, Adv. Theor. Math. Phys. 2, 505-532 (1998). [hep-th/9803131].
[14] Y. Kim, Y. Seo, I. J. Shin, S. -J. Sin, JHEP 1106, 011 (2011). [arXiv:1011.0868 [hep-ph]].
[15] J. Erlich, E. Katz, D. T. Son, M. A. Stephanov, Phys. Rev. Lett. 95, 261602 (2005).
[hep-ph/0501128].
[16] A. Karch, E. Katz, D. T. Son, M. A. Stephanov, Phys. Rev. D74, 015005 (2006).
[hep-ph/0602229].
[17] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005) [arXiv:hep-th/0412141 [hep-
th]]; T. Sakai and S. Sugimoto, Prog. Theor. Phys. 114, 1083 (2005) [hep-th/0507073].
[18] S. Nakamura, Y. Seo, S. -J. Sin and K. P. Yogendran, J. Korean Phys. Soc. 52, 1734 (2008)
[arXiv:hep-th/0611021 [hep-th]].
13
[19] S. S. Gubser, hep-th/9902155; A. Kehagias and K. Sfetsos, Phys. Lett. B 454, 270 (1999)
[hep-th/9902125]; C. Csaki and M. Reece, JHEP 0705, 062 (2007) [hep-ph/0608266];
Y. Kim, B. -H. Lee, C. Park and S. -J. Sin, Phys. Rev. D 80, 105016 (2009) [arXiv:0808.1143
[hep-th]]; Y. Ko, B. -H. Lee, C. Park, JHEP 1004, 037 (2010). [arXiv:0912.5274 [hep-ph]].
[20] M. Kruczenski, D. Mateos, R. C. Myers and D. J. Winters, JHEP 0405, 041 (2004)
[hep-th/0311270] N. J. Evans and J. P. Shock, Phys. Rev. D 70, 046002 (2004)
[hep-th/0403279]; B. -H. Lee, C. Park, S. Shin, JHEP 1012, 071 (2010). [arXiv:1010.1109
[hep-th]].
[21] C. P. Herzog, Phys. Rev. Lett. 98, 091601 (2007). [hep-th/0608151].
[22] S. K. Domokos, J. A. Harvey, Phys. Rev. Lett. 99, 141602 (2007). [arXiv:0704.1604 [hep-
ph]].
[23] Y. Kim, B. H. Lee, S. Nam, C. Park and S. J. Sin, Phys. Rev. D 76, 086003 (2007)
[arXiv:0706.2525 [hep-ph]]; S. J. Sin, JHEP 0710, 078 (2007) [arXiv:0707.2719 [hep-th]].
[24] B. H. Lee, C. Park and S. J. Sin, JHEP 0907, 087 (2009) [arXiv:0905.2800 [hep-th]]; K. Jo,
B. H. Lee, C. Park and S. J. Sin, JHEP 1006, 022 (2010) [arXiv:0909.3914 [hep-ph]].
[25] S. S. Gubser, Phys. Rev. D 74, 126005 (2006) [hep-th/0605182].
[26] C. P. Herzog, A. Karch, P. Kovtun, C. Kozcaz and L. G. Yaffe, JHEP 0607, 013 (2006)
[hep-th/0605158].
[27] H. Liu, K. Rajagopal and U. A. Wiedemann, Phys. Rev. Lett. 98, 182301 (2007)
[hep-ph/0607062].
[28] K. B. Fadafan, Eur. Phys. J. C 68, 505 (2010) [arXiv:0809.1336 [hep-th]]; C. Park, Phys.
Rev. D 81, 045009 (2010) [arXiv:0907.0064 [hep-ph]].
[29] O. Andreev, Phys. Rev. D 73, 107901 (2006) [hep-th/0603170]; O. Andreev and V. I. Za-
kharov, Phys. Rev. D 74, 025023 (2006) [arXiv:hep-ph/0604204 [hep-ph]]; H. Forkel,
M. Beyer and T. Frederico, JHEP 0707, 077 (2007) [arXiv:0705.1857 [hep-ph]]; C. Park,
D. -Y. Gwak, B. -H. Lee, Y. Ko, S. Shin, Phys. Rev. D84, 046007 (2011). [arXiv:1104.4182
[hep-th]];
[30] L. Da Rold, A. Pomarol, PoS HEP2005, 355 (2006).
14
